Background: The sensory blockade induced by a lidocainebupivacaine mixture combines the faster onset of lidocaine and the longer duration of bupivacaine. The current study compared the effects of large doses lidocaine (16 mg/kg), bupivacaine (4 mg/kg), and a mixture of 16 mg/kg lidocaine-4 mg/kg bupivacaine on hemodynamic and cardiac electrophysiologic parameters in anesthetized and ventilated piglets.
LIDOCAINE and bupivacaine are widely used in regional anesthesia. Bupivacaine provides a good sensory anesthesia with a long duration of action, but the onset of its sensory blockade is longer than with lidocaine. 1 More-over, cardiac arrests were reported after accidental intravenous injection of bupivacaine. 2 A lidocaine-bupivacaine mixture is used to combine the faster onset of sensory blockade of lidocaine and the more profound and longer duration of sensitive blockade of bupivacaine. 3 Previous studies demonstrated that the action duration of the mixture tends to be similar than that obtained with bupivacaine alone. 3, 4 However, the toxicity of the lidocaine-bupivacaine was not fully investigated, and no in vivo study focused on the cardiotoxicity of the mixture. A mixture could potentially add the toxicity of each component. Using a single sucrose gap technique to stimulate guinea pig papillary muscle, Clarkson and Hondeghem 5 demonstrated that lidocaine could reduce the inhibition of maximum upstroke velocity of the fast action potential induced by bupivacaine. In anesthetized dogs, we demonstrated that 16 mg/kg intravenous lidocaine induced a marked decrease in mean aortic pressure (MAoP) and in the peak of the first derivative of left ventricular pressure (LVdP/dt max ), and an increase in left ventricular end-diastolic pressure (LVEDP). 6 In the same study, 4 mg/kg intravenous bupivacaine similarly altered LVdP/dt max and LVEDP but dramatically impaired ventricular electrophysiologic variables (QRS interval widening and His ventricle interval lengthening). 6 Therefore, the aim of the present study was to compare the cardiotoxicity of large doses of lidocaine (16 mg/kg), bupivacaine (4 mg/kg), and a mixture of 16 mg/kg lidocaine-4 mg/kg bupivacaine in an in vivo model of anesthetized and ventilated piglets.
Methods
The principles for the care and treatment of experimental animals complied with the national guidelines of the French Ministry of Agriculture (Paris, France).
Animals Preparation
Piglets, weighing 10 -25 kg, were intramuscularly premedicated with ketamine (250 mg), midazolam (15 mg), and atropine (1 mg). Within 15 min, an ear vein was catheterized. Piglets were anesthetized with intravenous sodium thiopental (10 mg/kg). Tracheostomy was quickly performed. The trachea was intubated and the lungs were mechanically ventilated with room air (tidal volume ϭ 10 ml/kg; respiratory rate ϭ 15 breaths/min; Bennett MA 1-B, Puritan Bennett, Los Angeles, CA). Body temperature was maintained at 38 Ϯ 0.5°C with a rewarming humidifier device. Piglets were paralyzed with intravenous vecuronium bromide (0.1 mg/kg) as required, and anesthesia was maintained with an intravenous infusion of sodium thiopental (15 mg · kg Ϫ1 · h Ϫ1 ). During the preparation and experiment (90 -120 min), 500 -750 ml of 0.9% sodium chloride were infused. In a previous study, we demonstrated that cardiac electrophysiologic, hemodynamic, and biologic parameters were stable throughout a 2-h period. 7 The instrumentation of piglets was performed as previously described. 7 Electrocardiographic recordings were taken from standard lead II. The left carotid artery was cannulated with a 6-French double high-fidelity micromanometer (Millar Instruments, Houston, TX) that was advanced into the left ventricle to measure left ventricular and aortic pressures. A 6-French bipolar electrode catheter (USCI; C.R. Bard, Inc., Billerica, MA) was introduced via the femoral vein into the right ventricle to record the His bundle electrical activity. 8 Another 6-French bipolar electrode catheter was introduced via the left jugular vein into the right atria for atrial pacing. A 5-French teflon catheter (Plastimed, Saint-Leu La Forêt, France) was inserted via the femoral artery into the descending aorta for arterial blood samples. After this preparation, a 15-min stability period was observed.
Experimental Protocol
A randomized study had to be performed. To avoid killing too many piglets unnecessarily, we used the data of seven piglets involved in the bupivacaine group of a recent study 7 and added two piglets specifically for the current study to obtain nine piglets in the bupivacaine group. The previous and the current studies were achieved in a 5-month period. Because the piglets of the bupivacaine group were partly involved in a previous study, no randomization was used. Seven piglets were involved in mixture group and seven other piglets in the lidocaine group. This point of protocol was approved after consulting the methodologist (P. P.).
Lidocaine (16 mg/kg), bupivacaine (4 mg/kg), or a mixture of 16 mg/kg lidocaine-4 mg/kg bupivacaine was administered via the peripheral ear vein over a 30-s period. Hemodynamic, electrophysiologic, and biologic parameters were measured for a 30-min period.
Measured Parameters
The following electrophysiologic parameters were measured (in milliseconds) 7,9 : ]. The following hemodynamic variables were measured: MAoP (millimeters of mercury), LVEDP (millimeters of mercury), and LVdP/dt max (millimeters of mercury per second) derived with a Gould differentiator. All of these variables were simultanously recorded on an ES 1000 polygraph (100 mm/s; Gould Inc., Oxnard, CA). Moreover, because local anesthetics slow the ventricular conduction in a doseand frequency-dependent manner, 10 the ventricular conduction variables represented by HV interval (stHV) and QRS duration (stQRS) were measured after 10 atrial stimuli given at pacing cycle length 20% greater than the spontaneous sinusal cycle length measured at baseline (Stimulator CSO; Savita, Paris, France).
Blood samples were obtained to measure the following serum concentrations: sodium (Na ϩ ; millimolars), potas- . Hematocrit was determined using micromethod. Arterial blood gas analysis (arterial oxygen partial pressure in millimeters of mercury, arterial carbon dioxide partial pressure in millimeters of mercury, pH, arterial oxygen saturation, and HCO 3 Ϫ in millimolars) was performed using a 1306 pH/blood gas analyzer (Instrument Laboratory, Lexington, MA).
In both groups, the plasma concentrations of bupivacaine and lidocaine were measured using gas chromatography. 11 Briefly, 100 l internal standard solution (10 g/ml mepivacaine), 100 l NaOH 2N, and 200 l pentane were added to 0.5 ml plasma. After rapid vortex agitation during 45 s and centrifugation at 3,500 g, 2 l of the supernatant was injected on column. The chromatograph (Varian model 3400; Varian, Les Ulis, France) equipped with a nitrogen-phosphorus detector was fitted with a megabore J&W DB-1701 column (30 m ϫ 0.53 mm, film thickness 1 m). Helium was used as carrier gas at 30 ml/min, and air and hydrogen were set at 150 and 4.5 ml/min, respectively. The temperatures were as follows: injector, 250°C; detector, 290°C; oven, 230°C. The standard curve was linear in the range 0.01-8 g/ml. The limit of detection at four times the basal noise was less than 0.01 g/ml for the two drugs. The intraday and interday coefficients of variation were 6 and 8% at 200 g/ml.
Times of Measurements
In the three groups, electrophysiologic and hemodynamic variables were measured at baseline (T 0 ) and 1 (T 1 ), 2 (T 2 ), 3 (T 3 ), 4 (T 4 ), 5 (T 5 ), 10 (T 10 ), 15 (T 15 ), and 30 (T 30 ) min after the administration of the local anesthetic. 7 Biologic parameters were measured at T 0 and T 30 . The plasma concentrations of bupivacaine and lidocaine were measured at T 0 , at the end of the intravenous bolus of local anesthetic (T 0.5 ), and at T 3 , T 15 , and T 30 .
Statistical Analysis
Results are expressed as mean Ϯ SD. The effects of lidocaine, bupivacaine, and the mixture were tested using two-way analysis of variance for repeated measures followed by contrast study and completed by Bonferroni correction. Comparisons between groups were per- formed using the area under the curve (trapeze method), maximal or minimal concentrations, or maximal or minimal times. One-way analysis of variance was then performed for each variable followed by the Newman-Keuls test. The comparison of mortality between groups was performed using the Fisher exact test. For lidocaine and bupivacaine plasma concentrations, the same analyses were performed at T 0.5 , T 3 , T 15 , and T 30 . However, because plasma concentrations at T 0 were always ϭ 0, comparisons were performed versus T 0.5 . P Ͻ 0.05 was considered statistically significant.
Results
Nine, seven, and seven piglets were included in the bupivacaine, lidocaine, and mixture groups, respectively. One piglet died during the preparation period in the bupivacaine group before the injection. Therefore, it was not included in the statistical analysis. The animal weight, the time to prepare piglets until the local anesthetics injection, and the total fluid administration during the overall experimentation were similar in all groups (table 1) . Biologic parameters are shown in table 2. At baseline, all groups were similar. At T 30 , plasma sodium concentration decreased in the bupivacaine group and increased in the mixture group (P Ͻ 0.05). No animal death occurred after the injection of any local anesthetics.
Effects on Hemodynamic Parameters
The alterations of hemodynamic parameters are shown in figure 1. MAoP was decreased in all groups (P Ͻ 0.05). The maximal decrease in MAoP was delayed in the bupivacaine group (P Ͻ 0.03). LVEDP was increased in all groups at T 2 and T 3 (P Ͻ 0.05) without difference between groups. LVdP/dt max was decreased in all groups (P Ͻ 0.001). The decrease in LVdP/dt max was greater in the mixture group than in the lidocaine group (P Ͻ 0.04), whereas its maximal decrease was delayed in the bupivacaine group compared with the lidocaine group (P Ͻ 0.03).
Effects on Cardiac Electrophysiologic Parameters
The alterations of electrophysiologic parameters are shown in figure 2 . RR, QT c , and JT c were similarly increased in all groups (P Ͻ 0.05). In all groups, PQ, AH, HV, and QRS intervals were altered (P Ͻ 0.001). The lengthening of PQ was greater with bupivacaine than with lidocaine or mixture (P Ͻ 0.02). The extent of the lengthening of AH was greater and more delayed in the bupivacaine group than in the lidocaine group (P Ͻ 0.03). The lengthening of HV and the QRS widening were greater and more delayed with bupivacaine than with lidocaine or the mixture (P Ͻ 0.01). The widening of QRS was greater with the mixture than with lidocaine (P Ͻ 0.01). In all groups, no pacing could be achieved after an intravenous bolus of local anesthetics.
Plasma Concentrations of Lidocaine and Bupivacaine
Plasma concentrations of lidocaine were greater than those of bupivacaine (P Ͻ 0.05; fig. 3 ). Plasma concentration of lidocaine and bupivacaine were similar in the lidocaine and mixture groups and in the bupivacaine and mixture groups, respectively ( fig. 3 ).
Discussion
The current study shows that a mixture of 4 mg/kg bupivacaine-16 mg/kg lidocaine decreased MAoP and increased LVEDP, without a major difference with 4 mg/kg bupivacaine alone. The decrease in LVdP/dt max was greater with the mixture compared with lidocaine. Concerning cardiac electrophysiologic parameters, RR, QT c , JT c , AH, PQ, HV, and QRS intervals were altered in all groups. PQ was less lengthened with the mixture than with bupivacaine, with no difference with lidocaine. QRS and HV intervals were altered to a lesser extent with the mixture than with bupivacaine. Plasma concentration of lidocaine and of bupivacaine were similar in the lidocaine and mixture groups and in the bupivacaine and mixture groups, respectively.
Assessment of the Model
In a previous study involving the same animal model, we demonstrated that hemodynamic, electrophysiologic, and biologic parameters were not altered throughout a 2-h period, and that biologic parameters were not altered by the injection of bupivacaine or ropivacaine. 7 In the current study, plasma concentration of sodium statistically increased in the mixture group (138 Ϯ 1 to 140 Ϯ 1 mM) and statistically decreased in the bupivacaine group (140 Ϯ 4 to 139 Ϯ 4 mM). However, these alterations seemed to be clinically slight (Ϯ 1 mM). Therefore, the hemodynamic and cardiac electrophysiologic alterations reported in the current study are surely caused by local anesthetics.
Methodologic Precision
The methodology was not classic. However, this was achieved to avoid killing seven supplemental piglets in the bupivacaine group. The lack of randomization was a consequence of this point. However, because the reader of the hemodynamic and electrophysiologic recording was blinded from the drug injected, it could be supposed that the methodology mimicked a randomized study.
Effects of Bupivacaine
An intravenous bolus dose of 4 mg/kg bupivacaine was shown to induce toxic plasma bupivacaine concentrations and reproducible electrophysiologic and hemody-namic impairment without causing immediate death by cardiovascular collapse or ventricular arrhythmias. 7, 9, 10 In the current study, the same dose of bupivacaine induced dramatic decreases in MAoP and LVdP/dt max with a transient increase of LVEDP, confirming the negative inotropic effect of bupivacaine. 12 The alterations in cardiac electrophysiologic parameters were also reported, with a dramatic impairment of ventricular conduction. 6, 7 
Effects of Lidocaine and Comparison of Lidocaine with Bupivacaine
An intravenous bolus of 16 mg/kg lidocaine was chosen because, in vivo and in vitro, lidocaine is four times less potent than bupivacaine. 6, 13 In the current study, the cardiac electrophysiologic and hemodynamic effects of lidocaine were similar to those previously reported with 16 mg/kg lidocaine in dogs. 6 Lidocaine resulted in a rapid decrease in MAoP and LVdP/dt max , but this effect was more transient than with bupivacaine. The increase in LVEDP was similar to that recorded with bupivacaine. Except for RR and QTc intervals, electrophysiologic parameters were less impaired with lidocaine than with bupivacaine. Bupivacaine lengthened PQ, AH, HV, and QRS intervals much more than lidocaine did. In a previous study performed in dogs, bupivacaine had less effect on AH and PQ intervals than did lidocaine. 6 
Effects of Mixture
In clinical practice, the use of a lidocaine-bupivacaine mixture allows a smaller dose of each local anesthetic than if they were used alone. Nevertheless, the current experiment combined 16 mg/kg and 4 mg/kg to study potential additive effects of bupivacaine and lidocaine, respectively. The mixture induced a similar increase in LVEDP to those induced by lidocaine and bupivacaine. The decrease in LVdP/dt max was greater with the mixture than with lidocaine, and no difference was reported in alterations of MAoP and LVdP/dt max between bupivacaine and the mixture. These findings suggest that the hemodynamic impairment induced by the mixture is closer to that of bupivacaine. With regard to cardiac electrophysiologic parameters, no difference was recorded in RR interval. Although AH interval was lengthened to a greater extent and with a delay with bupivacaine compared with lidocaine, there was no difference between lidocaine and the mixture. On ventricular conduction parameters, there was no statistical difference between mixture and lidocaine, while bupivacaine more dramatically impaired PQ, HV, and QRS intervals than did the mixture and lidocaine. Therefore, the mixture seemed to alter electrophysiologic parameters as does lidocaine, which is the less cardiotoxic local anesthetic.
The cardiac effects of the lidocaine-bupivacaine mixture are not well documented. In 1998, Fujita et al. 14 showed that a mixture of bupivacaine-lidocaine decreases the ventricular fibrillation threshold in pigs. They also found that QRS was more widened with bupivacaine than with the mixture and with lidocaine, respectively. However, no measurement of AH and HV was performed. No difference in heart rate, mean arterial pressure, and cardiac output was reported among bupivacaine, lidocaine, and the mixture. In contrast, the current study shows that the mixture impairs the conduction parameters (HV, PQ, and QRS intervals) to a lesser extent than bupivacaine and tends to mimic the effects of lidocaine. Therefore, the cardiac electrophysiologic effects of the mixture, including a full dose of both lidocaine and bupivacaine, are closer to those of lidocaine than to those of bupivacaine, and it seems that lidocaine decreases the toxicity of bupivacaine on ventricular conduction parameters in the mixture group.
The mechanisms of the effects of local anesthetics on cardiac electrophysiologic parameters were widely studied. The blockade of calcium-mediated slow action potentials could explain the alteration of MAoP and LVDP/ dt max and the lengthening of RR and AH intervals. The widening of QT c was essentially caused by the widening of QRS. The lengthening of QRS and HV intervals are in accordance with studies showing that local anesthetics slowed ventricular conduction velocities. [15] [16] [17] The alteration of ventricular conduction is caused by the blockade of cardiac sodium channels. 18 Clarkson and Hondeghem 15 showed that lidocaine, with rapid binding and unbinding kinetics, could displace a drug with slower binding kinetics such as bupivacaine. Moreover, they also demonstrated that lidocaine could partly re-verse the sodium channel blockade induced by bupivacaine. 5 However, in a recent in vivo animal model, the widening of QRS induced by bupivacaine was enhanced by a delayed intracoronary infusion of lidocaine. 19 
Clinical Implications
The current study shows that mixture induces different effects on hemodynamic and cardiac electrophysiologic parameters. Hemodynamically, the toxicity of the mixture is closer to that of bupivacaine. In contrast, on cardiac electrophysiologic parameters, the mixture is far less toxic than bupivacaine, and its toxicity is closer to that induced by lidocaine. Therefore, lidocaine decreases the toxicity of bupivacaine on ventricular conduction parameters without a protective effect on hemodynamic alterations. The latter finding should lead to classic cautions when a mixture is used for anesthesia.
Care must be taken before extrapolating these results to the clinical setting. First, the effects of anesthesia have to be taken into account. The hemodynamic effects of sodium thiopental could precipitate those induced by local anesthetics. 20 However, the current model was shown to be stable during a 2-h period. 7 In addition to sodium thiopental, ketamine and atropine were given as premedication. Ketamine was recently shown to slow ventricular conduction velocity and to lengthen the ventricular effective refractory period in the rabbit isolated heart. 21 With regard to midazolam, the dose given has a slight effect on cardiac electrophysiologic parameters. 22 Even if hemodynamic and electrophysiologic alterations reported in the current study could be partly explained by the effect of premedication or anesthesia, the differences observed between the groups were only caused by the difference in direct cardiac impact of the local anesthetics. Second, the impact of the frequency dependence of bupivacaine could not be studied because no atrial pacing was efficiently achieved.
In conclusion, the current study shows that the toxicity of a lidocaine-bupivacaine mixture on ventricular conduction parameters are to a lesser extent than that of bupivacaine. However, the effects of the mixture on hemodynamic parameters are closer to those of bupivacaine. These results suggest that, for equal total doses, the lidocaine-bupivacaine mixture is less cardiotoxic than bupivacaine alone.
